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1 Adenosine, an ubiquitous neuromodulator, and its nnalo&ues have been shown to produce 
'dcpressunt 1 ejects in animal mode!* helicvcd to be relevant to depressive disorders, while adenosine 
receptor antagonists have been found to reverse adenosine- mediated 'depressant* effect. 

2 We have designed studies to assess whether adenosine A2A receptor antagonists, or genetic 
inaetivaiion of the receptor would bo effective in established screening procedures, such na tail 
suspension and forced swim teals, which «rc predictive of clinical antidepressant activity. 

3 Adenosine A2A rcccplor knockout mice weir found to be less sensitive to 'depressant* challenges 
than their wildtypc HUcrmuics. Consistently, the adenosine A :A ireeptor blockers SCH 58261 (I * 
10 rag kg- i.p0 and K.W 6002 (0.1 » 10 kg ', p.o.) reduced the total immobility dmo in the tail 
suspension test- 

4 The efficacy of adenosine A 2A receptor antagonists in reducing immobility lime in ihu tail 
suspension tcs i wus confirmed and extended lu two groups or mica. Specifically, SCH 582ol (I - 
10 rag kg"') and ZM 241385 (15-60 mg kg"') were effective in mice previously screened for having 
high immobility lime, wliilo SCH 34261 at lOmgkg -1 reduced immobility of mice that were 
selectively bred for their spontaneous 'hclplcssucss* in this assay. 

5 Additional experiments were carried out, using the forced swim test. SCH 58261 at 10 mg kg 1 
reduced the immobility time by while KW 6002 decreased the total immobility time at the 
doses of I und 10 mg kg 1 by 75 and 79%, respectively. 

6 Administration or the dopamine D 2 receptor antngonisi haloperidol (50-200 ag kg 1 i.p,) 
prevented the anttdepress ant-like effects cticiled by SCH 58261 (10 mg kg ' 1 i.p.) in forced Jtwim test 
wbcrcus it left unaltered its stimulant motor effects. 

7 In conclusion, those data support the hypothesis that A*a receptor antagonists prolong cseupc- 
dircctcc! behaviour in two screening tests for antidepressants. Altogether the results support the 
hypothesis that blockade of the adenosine A* A receptor might be an interesting target for the 
development of effective antidepressant agents. 
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Abbreviations DMSO, dimethyl sulphivcidc: KW 6002, <B)0>diclliyl-H3,4-dimeUioxystyryl)-7-nicthylxanUiine; SCH 5H2&I. 

5-amino-?-(2-phcnylclhyl)-2-(24myl)-ny ZM 24I3K5» 4-t2F(7-amino- 

2-f2-furyl)[l,2,4]iriV/.olo[2,3^^ 



Introduction 

There is evidence that adenosine is 11 neuromodulator which 
takes part in ti variety of processes in both physiological a nil 
pathological conditions, In the ccnlftil nervous system, 
adenosine is involved in controlling behavioural states along 
the continuum wakcMncss-scdation (Pnrkkn-Hciskuncn, 
195)9), has been associated with mood changes such us 
anxiety (Join el «/., 15)95; El Yacoubi ct u/., 2000a), is 
involved in cognitive processes (Kopf et a/., 1999) and has 
an importune role in the regulation of motor activity 
(BrocJcwell & ficaingcr, 1996). Research efforts made over 
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the last 20 years have resulted in the discovery of four Ci- 
protein coupled receptors which specifically bind adenosine 
to produce biological effects (Olah & Stiles, 2000). These 
receptors, nnmely adenosine A,, A 3A , A 2 » and Aj receptors, 
have distinct distributions and control different functions in 
the mammntiun organism. In the brain, adenosine A t 
receptors urc abundant, especially in the cortex, whereas 
An/v receptors arc mainly located in the striatum. Con- 
versely, both adenosine A 2 \\ and Aj receptors are present in 
low amounts in the brain, The A 2U receptor hna recently 
been shown to constitute also a receptor for the neuro- 
trophic factor netrin-1 (Corset ti uL % 2000), while the 
fuuetion of the A3 receptor remains to be elucidated 
(Impaenatietlo 01 o/., 2000). 
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A variety of studies have shown Uiul blocking the A JA 
receptors leads lo significant improvement of minor 
dysfunction, Among potent adenosine A^a receptor anmp»- 
nist* used as tools in these pliurmncolnglenl Kindles, KC'H 
58261 showed an excellent selectivity profile at human 
adenosine receptors in a recto I istiK5y (Oii^ni <»/ uL IWU): 
A 2A (Ki 0.6 nMXAi (Ki 2H7 iw)<rA*u (Ki 5,011 nM)-^Ai 
<Ki> 10,000 nM). In the Rumc study, ZM 241.1K5, jittilhcr 
potent non-xunlhrne A^ reeuplnr iinln^onis* (Ki 0.K uM], 
also showed little affinity Tor A, receptor (KI 255 nw) nml 
did not interna with A., (K1>I0«(MI() nM): however, it 
displayed modem lis affinity Air A 3 ^ receptors (Ki SO mm). 
This less favourable profile has been win tinned later (Kim/. 
2000). The xantNtu>likc derivative KW u(M2 was shown in 
display high aftlnily for Aja rccepiur (Ki 2,2 nM). moderate 
A :A versus A i wlecUvfiy und to ho ndivu In experiment;) I 
models of Parkinson's, disease iShimuda r/ <rf., I*W7; 
SSiio/aki c7 (//., 1990], Hence, adenosine receptor 
antagonists are considered as potential drug* in tin: 
trctiUTicnl or movement disorder* such a* Parkinson's disease 
(Ongini A Krcdbolm. IWi; Rfchunfaun W rtA, IW), Thfe 
nativity is believed lo depend upon die chute unmomical aud 
functional u.wnduiwn helwucn adenosine A^a and dopamine 
D 2 receptors on the No-culled Indirect Kiriato-pulJidal 
OABAert-Ie pathway (R»rrc <•/ aL IW7). Thus, blockade 
or the adenosine Am receptors would rclmaa(e normal 
movements through inlcructuin* with dopUminc-mcdidlcd 
activity in basal juingjia. 

Consistent with phnrmHcolPgicul data, genetic innclivution 
of tlic adenosine A^ receptor gene has shown that knockout 
mice ore more resLsinnl in l-melhyM-p!icnyH,2.3.6-ieim- 
hydronyridinc (MPTP), a neurotoxin which produces damage 
similar lo that observed in J*urkin*on , s disease (Chen et aL 
2000). 

Other data sugeesl tlial A M receptors are involved in 
media ling the effect* (if adenosine on huhuviouruJ sUtles. 
Adenosine A*a receptor knockmil mice display behavioural 
changes, such as u^gressrveness und hypnulficsui (Indent et 
<//.. 1907). In uuncrnJ, adenosine and its analogues lend lo 
produce 'depressant' cflccts in animal models, believed ui 4 be 
relevant to human conditions. I 'or example, stimulation of 
adenosine receptors or Increase of adenosine levels induce n 
slate or "learned helplessness' similar in thai ohserved in an 
itnimul model of degression generally considered us reliable 
(Minor <*/ «/., 1914; Woodson W <//., 199k). Adenosine and 2* 
chlomadenosinc increase, the immobility time in Hit; forced 
swim lest in mice, u widely used model or depression (Porsult 
rf uh, 1977), white dnsxKnl aiuideprasKunls have been found 
(i> reverse udenosine-mecUnted immobility (Kulkami & 
Melnu, IM«5). 

The ncJano,sine A?a recepiors might bu involved in these 
processes through ihdr inlcraeifon wilh dnpaminc Dj 
receptors in the sirialum, which, tagclber with the dupamine 
neuronal iransponcrK* arc ittcrciucd in depressed palienLs 
(O'hutncn & Hosntiyt, I9U4; Shah el uL 1997: Laasoneo-Holk 
vt n/,, vm). C'onsiRicnl wilh these dala» sLndics have shown 
thai bromocriptine [Oilonna t>t «/., 1979* SiUmHl-Mnrken V( 
rt/„ IV90) and pirihodil (Post ft tiL 1*»7K; Mouret et aU I9H7}. 
two dopamine K> 2 rcccplor agonists, which arc mainly used 
R>r truaimeiu of ParfcinKOO*« disease show some aiiUdcprcs- 
snnl ndivily. Thercforg, adenosine A^a receptor anUignnisUB, 
by tiding on various circuilrics in the brain, or monc 



specifically hy modulalUig mesoslrialal or mesOcorttcolimWc 
dopajuiiKTgic pailnvnys, nuiy also possess anlldcpressani 
pmpenies. 

Within ihis huckgmuuit \w have designed stodius lo asses? 
whelher adenosine A JA rccc|Hur anuigonists or gencile 
inaclivatioii ol* ilio nsceptors, using Bdenosine A«a feecplor 
knnckoui miee, would be eircciive in eslubUslied models of 
ikprewa'iin. Tile dam show thai reference adenosine Aja 
itveptor Nockcrs pmhice dttse-relJiied effects in mouse 
models or depnssMi«n such as the forced swim or (he (ail 
susncnsinn tests. Coiuastcmly. adenosine A^a rceepior knocks 
mil mice were found lo he less sensitive u> ^le1)ressogetttc , 
challenges than llieir wildtype lillcrmaies. Aliugeihet. the 
data suppon the hypochesci that blockade of Ihe adenwane 
A:,\ rcveptnrs minhl he an interesting and novel approach in 
lite search of effective nnildepresstmi ngeuui 



Motliod.s 

Animuh 

Male Swiss albino C'DI mice bred by Chitrlcs River (8oinl 
Aubin IcVs lilhetir, France, and C'aJeo, Italy), male Swira 
albino COI mice selectively hrod In our faellkles (UMR 
CNUS ^i0.lfi. Rouen, France) Uv hi^i spontaneous' 'help- 
lessncss* in Lite mil suspension lest (Vnugeoix «i/ M 1^96), or 
Adenosine A«* receptor knuckoui mice and their wild type 
. coturols hrod on Q Cl)( background for five to ion 
gCJ\enitions (Lcdcnl rf nA, IW7), wdghing 20 30 g wujta 
used enter ai least one week of habituation in our own 
facilities. Mice wore housed In groups of 15 20 in Makrolon 
cages (38x24xihcmj with rtx^e access to water and rood 
(UA.Rm Hrance, and diaries River, f/afcn, Italy) and kepi in 
u ventikned worn ut a teinnenilurc oT2rr±rc\ under u 
12 b light/ 1 2 h dark cycle (light oti between 0711(1 nod 191X1). 
lixperlmciiLs were curried out liclwcco (1900 and PJOO. The 
animali were isolated in small individual 
(27 x 13 x 13 em) for 30 min prior testing. 

Tlw procedures described comply wilh ethicul princrplcs 
and guidul/ues for ore and use of laboratory animals 
adopted by the I'.uitinettn Community, tow H6/60vycxU 

Tuti suxpi'itjriwi fi\tf 

The mil suspension lest in buHcd on (he ohservution thai u 
mouse suspended hy the tail shows alternate periods of 
agitation and immobility (Ruiru et al„ IVH5). lite numsc, 
ueotisucqlly und visually Isolated, was hung on lite hook by 
an adhesive tape placed 20 mm from the extremity of its lull 
n ltd it was kept 150 mm qway from die nearest object. The 
sunt of Immobility periods (duration or immobility) wax 
measured hy nn oliscrver who was unaware of the drug 
treatments or by u eomputcixwd device (ITMMATIC-TST) 
deveUiped hy ITIiM-LABO (Lo Krcmlin-Mceta* KrnnecX In 
the luuer experimental condition, a strain suuge picked up 
all movements of the mouse and Lransmiilcd them to Q 
central unit which celwriuicd the toUil duration of 
immobility during a o-min lest (Stem vt a/., 19X7), Using 
the compute riynd system, six animals eoukl be tested ut one 
time, liaeh mouse was used only once Tor each ozpcrinicupil 
session, 
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Forced swim test in mice 

Mice were dropped individually mlo glass cylinders (height: 
25 cm, internal diameter. 10 cm) containing 10 cm water, 
maintained at The apparatus consisted of two 

Plexiglass cylinder* placed side by side in a Mokrolon cage 
(38 x 24 x IS cm). Two mice were tested simultaneously for a 
6-min period bot a non-ttnnspareni screen placed between the 
two cylinders prevented mice from seeing each other. The 
immobility time was measured during the last 3 or 4 mm of 
the test by an observer who was unaware or the drug 
treatment. A mouse was judged to be immobile when it 
remained floating in the water, making only the necessary 
movements to keep its head above water. Each mouse wus 
used only once tor each experimental session* 

Keserpine test 

Mice were given reserpinc (2 mg kg" 1 a.c). A score of ptosis 
was measured for each eye 3.5 h later, us 0 (eye completely 
open) to 4 (eye fully closed), i.e., a maximum score of 8 per 
mouse. The rectal tempera Lure was also measured 3.5 h later 
with ft thermistor probe (Physltemp TH5, probe RM6; 
Clifton, U.S-AJ inserted to a depth of 2-5 cm into the 
rcctnm. The mice were then divided into vehicle and test drug 
groups and were introduced immediately after mlo the 
actimetere for a 30-mia test session. Ptosis and rectal 
temperature were measured agaia at the end of die motor 
activity rest 

Locomotor activity 

Locomotor activity was measured with a Digiscnn Animal 
Activity Monitor system (Omni tech Electronics Inc., Colum- 
bus. OK, U.SA.) which monitored the horizontal (locomo- 
tion) and vertical (rearing) movements of the animals. The 
Digiscan analyser was Interfaced with an IBM-PC compatible 
computer using Dlgipro software, The individual compart- 
ments (1*=20; W=20; H = 30 cm) were put in n dimly Jit and 
quiet room. Horizontal movements, i.e., locomotion, were 
expressed as number of beams crossed over two (experiment 
with reserpinc) or three 15 rnin periods of testing. 

Drugs 

SCH 58261 , 5-amino'7-(2-pbenyklhyI)-2-(2-furyl)'pyra2o- 
Iot4,3^^1,2,4-triazolo[l»5-t]pyrimidine, and KW 6002, (E)- 
] ,3-diethyl-8-0,4^imethoxystyryl>-7-mcthylxttnthjnc, were 
synthesized at the Schering-Plough Rcscurcb Institute. Kenil- 
wonb, NJ, U.S.A. 24I3U5, H2^7-nmino-2-(2-furyl) 
[l 1 2 t 4]mazoloPJ-fl][! l 3.5]iriazin-5-yl-amino]cthyl)phcnol was 
a generous gift from Dr S. Pouclier (Zcneea Plwini\ceiulcals, 
Macclesfield, UX). SCH 5*261 (I, 3, 10 mg kg" 1 ) and ZM 
241385 (15, 30, GOmgkg" 1 ) were dissolved in dimethyl 
sulphoxide (Sigma Chemical Co., St Louis, MO. U.S.A.) ond 
Chen diluted in Cremophor EL (Sigma Chemical Co., St 
Louis, MO, U.S. A) and NaCl 0.9% (mini concentration: 
\5% DMSO and 15% Grerooptior EL). In anoihcr set of 
experiments, SCH 58261 (1, 3, 10 mg kg"') and KW 6002 (1, 
3, 10 mg k&-') were dissolved in n suspension vehicle (methyl 
cellulose 0.4%, tween 80, 0.5%, benzyl alcohol. 0.8% in 
saline). Keserpine (Sigma Chemical Co., St Louis, MO, 



U.S.A.) was dissolved in distilled Water containing 5% 
dimethyl sutphoxide and 5% Cremophor EL (Sigma 
Chemical Co., St Louis, MO, U.S.A.) and injected s,c. 
halopertdol (Haldol", Janswm. France) was diluted in saline 
in order to gel the appropriate doses and administered by the 
i.p. route. Drug solutions were prepared fresh daily in a 
volume of 10 ml kg" 1 . Doses ulwuys refer to the free bases. 

Statistics 

Results are expressed as means ±s.c. mean. Differences 
between means were analysed by Student's /-test or ANOVA 
(with one or two factor* and with or without repealed 
measures where appropriate). Where F rutins were significant, 
multiple comparisons were evaluated hy the Nowman-Kculs 
multiple comparison test. Significance levels were set at 
/><0.05. 



Results 

Response of adenosine A 2 a receptor knockout mice in tail 
suspension wul farced swim test 

In the tail suspension test, the duration of immobility was 
reduced by 30% (P<0.05) in adenosine A 3A receptor 
knockout mice ns compared to wlidtype animals (Figure 
I A). Similarly, in the forced swim test, A* A receptor 
knockout animate behaved diJTcrcnily from the wildlype mice 
as their time of immobility was reduced by 24% </'<0.O0L) 
as compared to controls (Figure 113). 

Effects of adenosine receptor imtuxonlstx hi the tall 
suspension test in CD1 mice 

SCH 5B26i (1, 3. 10 mg kg" 1 , i.p.) doscHlcpciHlcnlly reduced 
the immobility time by 51, 86 and 92%, respectively (Figure 
2A). Similarly, another adenosine Am reeepwr antagonist, 
KW 6002 (0.1, I, lOmfikg 1 , p.o.) dosc-dependentiy 
decreased the total immobility time, oiler oral admin is I ration, 
by 40, 74 and 9J%, respectively (Figure 2B). 
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Flgtirc 1 Immobility limes or A; A receptor knockout IA M R KO) 
and wildiypc (A^R WT> mice recardcii in the mil suspenidun or 
forced swim ICfilS. (A) UunKion of inunohilily in the (nil KUtpensInn 
icsl Means ±fccrocnn of datq from 29 mice per group. B; Oimuhm 
of immobility In ihc forced swim icst. Means ±a.c.im»n of data rrom 
Ifi mice per group. ■/ > <04)5. ***/ > <0.0OI as compared lo wild type 
mice by Student's Mesi. 
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Hltnrr 2 KlTevlv nf X<H 5R2AI and KW Win2 (II) in Ihtf imrttoc 
(ail «i*)itti*iiMi test. Miee were injuuinl wilh vcludc idr Kill 5h2oI 
cl. .1, in m# kg . i.p.j U) niln before the u»i; tw received which nr 
KW fHH)2 (f. .1. Ml dim k|* p.M.|, nu iiiIm Ivforc ihc lesi. Data are 
mean ri-e.nwsiii nf it) animals |icr gnmp. *V-0.nl vonm* vtftide- 
iremed prtiitn hy iwii>Wiiy ANCJVA ftitlctwcd by .SludeiM-Ncwinuii- 
Kculs 

Under a repealed irealnicnl schedule (.1 mg kg 1 i.p- iwicc 
Oaily for Ji days). SCI I 5K26I ticcrensed hy 44% the dumilon or 
immobility In Die tail mansion lest. The immobility limes 
(mean .l:s.e.rncuii)wcrc 12H± lf» slbriiiiicc0iHr<»lsarid72;|: 12 s 
fur Dine SCII 5 K2dM rented mice ]/-f 2.33) 4/>l. /'-cU.HJK], 

In another .stf or experiments, (he lail sexnonsion leM wis 
carried out In mice which were prc-xereened before the assay. 
Specifically, 140 mini kIiowFhi$ Wie highest immobility lijno 
(score }* 1 15 s) considered as 'I fltfli-liuniohfliiy" aninuiU (III), 
were selected on day I Trtim a sample 01*256 tested mice (mean 
lolul immobility lime: Ift6j.,l k). On die fallowing day. from 
die NIMH lexlcd mice, I IJH mice scored over 1 15 n (menu lolnf 
Immobility lime: I H I ±4 sVHic tinUM>r immobility orvehlde- 
injected HI miee on day 3 did not UilVer xi fi niricant1yTroin mean 
scores obtained with die same animals during the screening 
procedure (I.e.. irfaln 1 and 2). Ojutay.l, mice were injected i.p„ 
30 min before the lesL with either vehklc. SCI I 5K26I <| t 3, 
Hlmgkg M. ( >,)or/M24l.lH5(l^30,n0mgkg M.p.K Tlte 
iwo adenosine A» A rcccplor nnlngonistt flCTI SK26I unci YM 
24I3H5 decreased significantly l*ToJ(J2)~X,7H. /'<0.0O|] die 
immobility time ufserccned III animals (Figure 3). 

'Hie mil mywrnion few /// svfartMy hrctt 'Iletptm' mice 

SCH 5X261 was sLudied hi the toil suspension text uan^ 
selective hrud 'l/clpless* CP I mice. Specifically, expert- 
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Figure 3 liirecfs nf sni 5*261 » t ul /M 2413K5 in mfl siixpensinn 
icsi irt screened m:ilc I'll I mice. PriMwa uclertUm «ons)stei1 of one 
irinl mi iwo tviiNeaiiive «bys. l ; or eqeti sdecleil "hipji-iinmoMlily' 
mnose (111), tin? iiwnn Retire \vns enicutulcd uml used n< die pruie«l 
seiire. On day 3. miee were injected with vdiiek XC1I 5H20I U.J. 
10 m^s 1 i,p.i »r /.M 2-II3H.1 1 15. 3D, AM kg 1 In.) .Hi ruin 
hcfinv die Icsi. Meniw I-.vc.nicoiL tiTdulii Ihmi 17 eiiiumlK mttl 13 
15 miee hi nvnial pniof»s. V.«.«5. •* 4 /»<ll.l»l (»ih.vway A NOVA 
rnllitwftl by Siudcni-Nuwm»iv-Kvu)s iwi). 



menh were «irrieil out in male and Ternqk Swiss albino 
I Mleljilcss" mice from the seventh generation of 
flClecLlve breeding lor Ibis hehavjuwral in\l\ in our 
hiboraiory ui lite Universiiy ur Koucn. The relcrcnee 
iinLiileprciCHlnl drug imfpramine <30 mg kg J.p.) reduced 
by ft«% ihc Immubilily lime LHM2)i-96.40, i^CKDOl]. 
SC'll 5H20I also signffiwimly f/-l[l»34)-2r>.KO. P<iuml] 
sllorleued by 4U% Lhe Immobility time, i.c. increased 
slrufiidJng lime as compared lo vehick-treaial animals 
(lr r jgure A). 

KJJbns of atk'ntwtie Am receptor umagomxtx m (he 
fartvtt xwlw nw hi C/)l mlci* 

SOW 582ft I was administered 30 min before the te«i m doses 
rqnajng from I Lo 10 nig kg \ j.p. The higher dose or 
10 mjj ka 1 reduced the immobility time by 61% (Figure 5AJ, 
KW 6U02. p.o, fc decruosed lhc Loud immobilky dme aL lhe 
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doses of I and 10 mg kg"\ after oral administration, by 75 
and 79%, respectively (Figure SB). 

Jlole of dopamine receptor* in mediating anti- 
bnmobUiiy and xiimulanl motor effects of acute SCff 
58261 in CDI mice 

To assess whether the dopamine D 2 receptors arc involved in 
mediating anti-immobility And stimulant motor effects of 
SCH 5&2I5], we studied its interaction with haloperidol. Mice 
received increasing doses of haloperidol (0, 1 00, 200 ft]& kg"' 
s,c) as a preueatment 15 rain before the administration of an 
effective dose {lOmgkg" 1 up.) of SCH 58261 in either 
locomotor activity or forced swim tests. In the locomotor 
activity test, there was u significant halopcridol-SCH 58261 
inicruciion [JIZ,47)=-4.l 1, 7*<0.O5]. A$ eipoctet], hnlopcridol 
by itself reduced motor activity. However, the stimulant 
effects of SCH 58261 were nol changed by the concomitant 
presence of hnloptridol (Figure 6). In the forced swim test, 
the two-way ANOVA also showed a significant Interaction 
between the two factors [K3.72) -3.04, J 1 < O.01]. Here 
hnlopcridol produced no effects ovor the dose range used 
(Figure 6, lower panel). However, the c!Tccl5 of SCH 5826) 
were reversed in the presence of haloperidol (50, 1 00, 
200 ><g leg- 1 i.p.). 



eyelid ptosis before and after the locomotor activity tcSL 
Concerning reserpineHnduced hypothermia, the elfeci caused 
by SCH 58261 did not itsach ji slflUilically significant level 
[7^60)^2.53, J>«0.08]. Only eyelid ptosis induced by 
reserpine was very weakly attenuated, although in a 
significant f/(2 r 60)a9.04 1 /><0.00l] manner, in SCH 58261- 
Irented aninuils (Tabic 2). 



Discussion 

This paper shows that the adenosine Asa receptor muy 
represents a novel target for the discovery of new anti- 
depressants. Specifically, adenosine A 2A receptor knockout 
mice displayed reduction of iminobility in functional assays in 
rivo, such as tail suspension and forced swim tests which arc 
predictive of clinical antidepressant activity. Adenosine A^a 
receptor antagonists were active in the same testa In normal 
mice. 

Adenosine A 2A receptor knockout mice wens previously 
found to display reduced locomotor activities in tin open field 
when compared to control mice (Ledcm et oL 1997; Chen ct 
n/„ 1999; El Yocoubi et «/., 2000W. Conversely, in the two 
experimental paradigms used here, the forced .swim and the 



The reserpine model fn CDI mice 

The vesicular monoamine uptukc blocker reserpine 
(2 mg kg - * s.c,} produced akinesia, hypothcrmin nnd ptosis 
(eye closure). SCH 58261 (3, 10 mg kg" 1 i.p.), given 210 min 
after reserpine reversed ptosis hut not akinesia nor 
hypothermia. Specifically, it did not reverse significantly 
[f(2»60)= 1,64, ?>0-05] reserpine-induccd akinesia (Tabic I). 
The same animals were also checked for hypothermia and 
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Pijpjro 4 Effects of SOI 58261 or imipraminc in Uu mil snnpension 
icjt performed in a genetic mouse model of depression. Olilbrttf CDI 
mice were used qt the foundation pop ulu lion of a Hue nf mice Ihui 
watt selcetrvely bred for its high spoaimieons helplessness (immobility 
scores > MS a- helpless) in the mi) Suspension lest. Mice of both 
sexes (7th ccncration) were injected with SCH 5K2ul 10 m$ kc 1 i.p. 
(right panel) or hniprqiriLne 30 mg kg" 1 «.P- (left |r.ine() Id min before 
the lesL. Testing was for 0 min. Means ±sjc T nican. of dnta from 18- 
22 in endi group. ***/><fl.0nl (one-way ANOVA followed by 
SiudcnUrfamimvKcnls lea J on compered to vefatdc-lnjcetod ground* 
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Figure fi Effects or SCH 5K2^I (A; I, \ 10 m B kg" 1 , i.p.) unci KW 
0002 (B; I, 3, 10 kg -1 , n.n.) in tlic mouse forced sw|m test. Mice 
were injected with vehicle or SCH 5H26I 30 min before the test: or 
received vehicle or KW 6002, 60 rain before the test. The duration of 
immobility was recorded during the lust 4-min of the 6-min testing 
period. Dflui are wcan±se.mc;m. of Ifi nnirnul* per group. ♦P<0.05, 
•*^<0.01 versus vehicle treated group (one-way ANOVA foilowcd 
by StudcnhNcwmnn-kculs test). 
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ITfiiirt fi li/fcrt* of huliipcrfilul nil sJiiiiiiluihsn i»r liminitHur aclivily 
and anli-imimihiliiy re^imse induced by St 'II !M2M. Mice wen: 
Injected with u;iliiK' Itipcn h»ii*J li r Iheraisliui dimes nf Ji:ilii|)crnLo] 
[XL IfW, 2(KI Lji 1 i.p.) ( hutched liars). I ; jf<een mimiKM In Elm*, I hey 
wrc injccicil wiih wlihlc cir sell 5H2M (Inmuku 1 I,nj. tinner 
panel lociiiuomr iictiviry inn Immediiileiy titter Hie seen nil awl. 
menu mice were mtrnJiicn! inh» I to iiciiMcicni. The hnrtamnil 
^•liviiy vms mcjmurrd lor *IJ win. Menus |,k.lmiicu11. uf ihti.i IVnm K 
wilt "per jv««rp. *J'wn»wiiy ANoVAy fJniL-niiriimi of hnloperi* 
riid'St'M 5H2AH: -UK /' 0.112. Un«r nand 1'orwd 

swim Ichi mice prenviiteil with little iperiildl or siiliiw received vehicle 
or .SCII 5K2M .111 min before CvKiinp. The durnihm nf mum»hlli»y whh 
reeurded during die lasl •kniin uf iter ft»niin leshnj; jiL-rinJ* 
Wltuik > x.e.itR'iin iif (Uiui from M nminib and H 1 1 mice in irenicd 
piuiiw. Twn-wny ANOVAs: linieraclhm of hnloperldnl * *ic| | 
.WAIK H.1.721 5.IN. /'-fUH. /W //«r emiipwrlsmw: "J^CLM. 

O.iuil us compared with respective Stll SOI unltoiicd 
cwiirwl pniups: //W»-u;0i: ftfUif'*'iim\ an compared wlih rxsnee- 
live |j;»inpttriL|iiHimrenigi| com ml pnni|». 



lull suspension tests, their activities were enhanced as 
compared It) those of wildiypo mice, suggesting llial tiic 
neuronal pathways underlying the two behaviours arc ul leiwt 
punly diljerenL Reduction of immobility by ajuidcprc&sants 
cannot be explained by a nnn-dpecine behavioural stimulation 
UK many antidepressants lend to decrease motor activity 
(Tucker & Pile. I9HA; PcrraulL ef f//.. IW2). In addition, 
direct dopamine \h receptor agonise;, which arc known to 
rcduco motor activity whert admlnKstercd in miw; IBoulny ci 
aU 1099). haw been shown to inercnKC mobility tfmo in the 



Tahh' I l-illvvi uf Ihc selertivc A.u rcuqilor unirinunisi 51 C H 
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Mhv vvvre injivlcil i.p. with vehicle <>r S('l| .SH261 fj. 
loni^VM ' >h min nncr a prcireucniciil wf ill 

n'Mrrpiiu: t-2 mr. hi 1 -vCl iiml i*n.vd imioe\li;iluiy in 
uclimvlcn. Tk' li«»ri/niiinJ itnnpunuiu ul'kiCiiiiRiliir »ciiviiy 
m-im mcjiaiivil l'i«r «i min, )>iii;i :\k menus I *.c.meim 21 
uinii'iik ;hmI ^Onmv in iretiicil pmup, Sl;niMic« N«i Myinl^il 
.OJl^ by Mnc-w.ny ANCJVA- 



Jurccd swim lest (l)orshu ri <//.. I'J^H: llutcrte-huuvber t'/ a/.. 

In lira mil s««j)ClinMJn lent. ;inu|uydioii(is mid unxlnlyiio 
iiKixuvc immobllliy ilitw il'wolt ei at. % »*>H7), wIwtwin 
ud^oavile A^\ ivceplor ni)l:i|;onisLs darreuxc it. Moroovcr 4 
adenosine A,j^ rcccpiur iinl;t£iinbt* pnxlotx sinlidcprofsanu 
like Cllcuts nt lnw do.sas in c4impari.H<>ii {a ckiKSiuil 
nntiduprcisaai drug^. &weh us imtpniminc and fluoxetine. 
The efllcaey or oileimsine A JA reeepior anlqgoni.sLs in 
retludng Inirnobillty lime In (he lull suHpen&ion test was 
ennllmied m\\ exiw^hs^ by similes on iwo di(Tcrcnl groups 
ofmiee. Spedlhnilly, ihc dnigfj Se ll 5K2fif uod ZM 
(Oiigini vt WW: l'ixxllu>Jm & f,imj*liflni t IW), lh« 
Inner hiiving o U»wer xoloelfviiy profile^ were ufTeeiiVe in 
mice previciMJtly screened l«r tlcr»i^ive behaviour (high 
immohiliiy lime), hilereslirtgly. St'l I 5K20I ul 10 mg kg 1 
reduced immobility in the tail auspenrfoji urm perfonnetl 
wlih mieu ibut vwi\s solecdvely bred Tor their Kpomtmcoiu) 
L k*lplesHnes5' in litis test. U\, ;i genetic nn>use itmkIcJ useful 
for scfvuninK polcnlial aoiklepressanls (Vnugeoia ft aL 
|W0, In ilie some expcrinicnlol procedure. Ihc tricyclic 
uOlidepreHsanl imipraoiinc <JU in^i kg J ) induced similar 
elfecls. In this study* the efltx'ls of repealed ndniinistnidon 
of SC'IJ 5H26I cnniparcil h> siii|»[e dosu iippcnrcd to be 
ultuoualed. However, ibe si)iuilieartcc of ihis result remains 
douhlAii plvcii thai data were obtained in diflcrcnt 
cxperimciunl condio'ims, Ncwrlbeless, if M>mu depree of 
tolerance to Ihc umidepjxLsssini-llkc elVeel following chronic 
(reatmcni wilh iveeplor qntauxuiisLs could be confirmed 
in fuluru sLtidies, i( mieiil be related to an up-rcgukirion of 
A^ reccplor sjtecificalfy jn hrnin nxcas ijnpL'caieii in goal* 
directed helioviourrt. Sinoe a lack nf loleruncc to motor 
mimnlunl edecb nf SOI 5K20I hii« been observed in niLs 
(llnlidnor i>t ttL 2<H\i)i ihfs sped/lc :Lspcel clearly wiurunLs 
further study. 

As part of ihis pharmacologic^ clinractcrbcilton, SCI I 
5KZfri and KW 60(12 were also examined in ilic foiled swim 
lest where holh drugs' redueed the duration of immobility in 
mice. These results support earlier findings by Surges vt tit, 
(l ( J90) showing thcil a weakly selective A^a receptor 
aniugooiNt, CT> no, 713 (25 fold iieleotlvtiy A2A v* AjK was 
eireclive In the forced swim test. 

Additional experiments weru carried out with the more 
Bclcctivc compound SCM 5^2ril 4 An interaction study with 
the dopamine t> 2 receptor unLagonUi (Sccmad, I^SO) 
hulopcridol wur perfoiTaed with the aim to diserimmnlo 
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ToWc 2 Effect or ihc selective A 2 receptor antagonist SCH on tTscminwrnliiccd (2 nig kg' 1 s.c.) eyelid piusi* and hypinJicrmui 
in mice 
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MicO were injected with vehicle or SCH 5K26I (3. 10 ui£ kg" 1 i.p.) 3 h 30 min nter prtlrtaljrtctU with rcttipinc (2 Dig bft 1 m.c_). VturiA 
and tcmpcrflinrt: were assessed jusi before irenimcni and 30 mln lulcr. Mcans±a.cjnciin ofdulu fmm 21) mice per &imp. Statistics: No 
symbol / , >a05. ■■/ J <0.0U " # */ , <O.t)0l a* compared lo vclilcJo using one-way A NOVA followed by Siudeiu-NuwiruiiuKculs leal). 



an escape-directed behaviour (i.e. a loss of motivation bo 
avoid the stressful situation) from it* motor stimulant 
effects (Svcnningsson at «/.. l'J97b; Popoli d iiL % I99S; El 
Yoeoubi *r of-, 2QO0c). Hcrt the und-immobilLly effect 
elicited by SCH 58261 was prevented by a low dose 
(0.05 mg kg - ') of the dopamine D 2 receptor antagonist, 
demonstrating * Mfih sensitivity of the goal-directed 
behaviour to halopcridol. U is worth comparing this finding 
with those of other sludics showing thaL dopamine D 2 
receptor antagonists block a lu'him mobility effects of anti- 
depressants (Borsini et at.. 1985; Borsini & Meli, 1990). 
SCH 58261 -induced stimulant motor effects were not 
counteracted by halopcridol administered at moderate doses 
(Q.l-G\2mgkg~ l ) used in the present work. Moreover, 
adenosine A aA receptor antagonists effectively reduce 
catalepsy induced by high doses (in the mg kg" 1 range) 
of dopamine D* antagonists, a screening test for potential 
andparkinsonian drug* (Kanda ct ut. % 1994; Kafka & 
Corbett, 1996). Altogether, these data suggest drat targeting 
with drugs the dopamine D? and adenosine A 2A receptors 
may result In swings in opposite directions of the 
physiological balance thnl exists . between the neurotrans- 
mitter and neuromodulator, depending on the neuronal 
systems implicated in a particular function* 

Therefore, dopamine transmission through dopamine D 2 
receptors appears to be critically involved in the anti- 
Immobility effect elicited by SCH 58261. It has been 
suggested that disturbances in dopamine transmission arc 
involved in the pathophysiology of mood disorders, For 
example, Che antidepressant bupropion is a dopamine and 
noradrenaline reuptake inhibitor that has a direct enhancing 
action upon dopamine transmission (Cooper et a(. t i960; 
Davidson &. Connor, 19%)> whereas a depressive syndrome is 
frequently encountered in subjects afTceicd by Parkinson's 
disease, where dopamine depletion Ls observed (A I lain et 0/., 
2000). Dopamine transmission in both frontal cortex and 
nucleus accumbens has been implicated in the mechanism of 
action of antidepressants (Tanda et a/., 1994; Fibiger, L995). 
One tentative explanation for the dissociation between the 
two behaviours studied here may inside in the peculiar 
physiology and pharmacology of dopamine neurones origi- 
nating in the ventral tegmental urea in the midbrain and 
projecting to the prefrontal cortex. They arc known to have 
hlsher turnover nues and enhanced burst firing compared to 



mesolirnbtc and nigrosirialal dopamine neurones* and to have 
high responsiveness to mild stressors (Dcutch & Roth, 1990). 
[a contrast to nigrosuiatal dopamine neurones, mcsnprc- 
fronlal dopamine neurones may also not be well i?uitud rbr 
maintaining homeostasis due to iho absence Or low sensitivity 
of synthesis- and impulsc^regulau'ng uutorcceptors (Dculcb & 
Roth, 1990). Due to the blockade nf synthesis- and impulse- 
rcgultiiing autorcccptoni projecting to dorsal and vcntml 
striatum* halopcridol by itself induces release of dopamine lo 
reach a synaptic concentration allowing a com petition with 
haloperidol, which could explain, in port, the lack of 
antagonism of SCH 5826 1 -induced effecu* in the motor 
activity test. On the contrary, dopamine release elicited by 
halopcridol in the frontal corLcx would be much weaker In 
intensity (MogUaddom & Dunney, 1990), allowing the 
reversal or the anti-immobility effect caused by the selective 
adenosine A^a receptor antagonist. This hypothesis Is 
supported by the evidence that anlldeprcsaunui mostly 
increase extracellular dopamine release in the frontal cur lex 
than in the nucleus accumbenK (Tnndn a n/„ I°94). 

The adenosine Aja receptor has been visualized hy 
autoradiography in the prefrontal cortex of the mouse 
(Johansson ct aL 1996) and ml {tahiwnln tt ctL, 2000) with 
densities equal respectively to about one tcitlh and one fifth 
that found in the striatum. The selective tidcm^inc Asa 
receptor antagonist [*H] SCH 58261 was nl.so found to label 
the postmortem human prefrontal carle*, with a binding 
density nboul one third thai detected in rostral pu lain en 
(SvcnninBsson at d/^ 1977a). A role of adenosine A 2A 
receptor located in the striatum cannot he completely 
excluded, since dopmrinc transmission In this structure plays 
an rmportant role in delermin'mg the individual flexibility to 
. cope with available sensory inforrruition (Cools, IvHfl), and 
dopamine recepior densities nro modified in striatum of 
depressed patients relative to controls (D'Kstonon & Bossuyu 
1994; Shah ai oL t 1997). 

The stimulant motor effects elicited by SCH 5H2(>I in 
rcscrpine-prctreated mice were mild In our experimental 
condidons. Shiaznki et a/. (1999) have reported a reversal 
of reserpinc-induced akinesia by another adenosine A2A 
receptor antagonist. Farther work will he nceassary to 
explain the tack of rescrpine-induced akinesia In the present 
study- The absence or cfTccts upon eycuM ptosis and 
hypothermia induced by reserpiiic suggests that adenosine 
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A*a receptors arc mil involved in the moduUumn «f 
noradrenergic neuronal pathway* underlying these beha- 
viours (Bourin <* tiL 1983). 

The model* of depression dim we have used hove however 
some limitation*. As previously mentioned hy several authors 
(Willncr. IW). Weiss & Kikx, 100«), one of the major 
drawbacks of the forced swim and Uill jnwpcnsdon tests is the 
positive response elicited aflcr an aeule administration of 
antidepressants. AUhoujjdi K is widely accepted thai these 
lea* arc useful lo screen potential antidepressants, selective 
A« raueputr antagonists should be furtlier examined hnih in 
other preclinical models such a* learned helplessness or 
chronic mikl stress and aflcr repealed ireainwiUK. ll is also 
worth noting that useful and robust information ean only 
emerge when selective adenosine Aja receptor inUagonists 
will be studied In rKUieuis such as lhn« nlYectod by 
Parkinson 1 * disease. 

In conclusion, these data .support the hypothesis that 
adenosine Av\ receptor antagonist* enhance the activity nf 



mice in the forced swim ami tail suspension lesto by a 
prolongation of cstttpe^ti reeled behaviour, railier than hy a 
cencrulited iinuor stimulant elYcct. The positive effect is likely 
mediated by an increase In dorxiinincrgje transmission, 
possibly In frontal cortex, Modulation of monoamine activity 
as a therapeutic strategy dominates antidepressant research. 
However, all antidepressants developed so rar exert their 
therapeutic clfevU with an undesirable delay, and then? is still 
a need to fill (his therapeutic pip. In this sense, adenosine 
A (! .\ reeepior nnUijamlsls might offer u novel approach m vhe 
treatment of depression. 
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